The yeast cell wall is a crucial extracellular organelle that protects the cell from lysis during environmental stress and morphogenesis. Here, we demonstrate that the yapsin family of five glycosylphosphatidylinositollinked aspartyl proteases is required for cell wall integrity in Saccharomyces cerevisiae. Yapsin null mutants show hypersensitivity to cell wall perturbation, and both the yps1⌬2⌬ mutant and the quintuple yapsin mutant (5yps⌬) undergo osmoremedial cell lysis at 37°C. The cell walls of both 5yps⌬ and yps1⌬2⌬ mutants have decreased amounts of 1,3-and 1,6-␤-glucan. Although there is decreased incorporation of both 1,3-and 1,6-␤-glucan in the 5yps⌬ mutant in vivo, in vitro specific activity of both 1,3-and 1,6-␤-glucan synthesis is similar to wild type, indicating that the yapsins affect processes downstream of glucan synthesis and that the yapsins may be involved in the incorporation or retention of cell wall glucan. Presumably as a response to the significant alterations in cell wall composition, the cell wall integrity mitogen-activated kinase signaling cascade (PKC1-MPK pathway) is basally active in 5yps⌬. YPS1 expression is induced during cell wall stress and remodeling in a PKC1-MPK1-dependent manner, indicating that Yps1p is a direct, and important, output of the cell wall integrity response. The Candida albicans (SAP9) and Candida glabrata (CgYPS1) homologues of YPS1 complement the phenotypes of the yps1⌬ mutant. Taken together, these data indicate that the yapsins play an important role in glucan homeostasis in S. cerevisiae and that yapsin homologues may play a similar role in the pathogenic yeasts C. albicans and C. glabrata.
The yapsins are a family of five glycosylphosphatidylinositol (GPI)-linked aspartyl proteases (YPS1 to -3, -6, and -7) in Saccharomyces cerevisiae that have homologues in other fungi such as Candida albicans (43) , Candida glabrata (16) , and Aspergillus oryzae (36) . The founding members of this family, YPS1 and -2 (17, 32) , were identified as suppressors of null mutations in KEX2, a trans-Golgi network-localized serine protease that processes secretory proteins such as pro-␣-factor and the exoglucanase Exg1p (3, 53) . The remaining three yapsins were subsequently identified by sequence homology following completion of the S. cerevisiae genome sequence (47) . Like Kex2p, three of the yapsins (Yps1p, -2p, and -3p) cleave proteins and peptides C terminal to basic residues, both in vivo and in vitro (8, 33) . Although Kex2p is exquisitely selective for Lys-Arg pairs (53) , the yapsins cleave C terminal to monobasic sites containing either Lys or Arg (33, 48) . In vivo, Yps1p cleaves human mammalian prohormones such as ACTH and CCK (8) and both Yps1p and Yps2p display secretase-like activity toward ␤-amyloid precursor protein that is expressed in yeast (34, 66) . To date, however, no yeast substrates have been identified; moreover, the physiologic function of the yapsins in S. cerevisiae has been unclear.
Previously reported work from this laboratory showed that the yapsin double null mutant yps1⌬yps2⌬ has a growth defect at 37°C (32) . Although this phenotype is not highly specific, it is, nonetheless, characteristic of strains with cell wall defects, and we hypothesized that the yapsins may process cell wall proteins involved in the maintenance of cell wall integrity. A possible role for the yapsins in cell wall function is also supported by the fact that YPS1, YPS3, and YPS6 have been shown by genome-wide expression experiments to be induced during periods of cell wall stress and remodeling (7, 20, 21, 27) . Supporting the notion that YPS1 is induced during periods of cell wall stress, quantitative immunoblotting experiments have shown that Yps1p is increased 12-fold when cells are shifted from 24°C to 37°C (2) . Similarly, Yps1p could not be detected by immunofluorescence at 24°C, but robust plasma membranelocalized fluorescence was evident at 37°C (58) . Additionally, a recent genome-wide screen for mutants resistant to killer toxin, and, therefore, involved in 1,6-␤-glucan-related processes, identified the yps7⌬ mutant (51) . Finally, a genome-wide screen for synthetically lethal double mutants identified mpk1⌬yps7⌬ (62) . MPK1 encodes the terminal mitogen-activated protein kinase (MAPK) in the PKC1-SLT2/MPK1 pathway, one of the most important signaling cascades for the maintenance of cell wall integrity (24) . The synthetic lethal interaction between mkp1⌬ and yps7⌬ suggests that loss of YPS7 function leads to activation of the cell wall integrity pathway as an essential compensatory response. Taken to-gether, these pieces of information suggested a role for the yapsins in cell wall processes, but prior to our study no dedicated investigation of such a role had been reported.
The yeast cell wall is a vital extracellular organelle that determines cell shape, protects the cell from lysis, and adapts to a variety of morphogenetic changes during the yeast life cycle (49) . Because of the last requirement, the cell wall is a dynamic structure that undergoes significant remodeling of both its molecular composition and structural organization in response to a variety of internal and external stimuli (31, 59) . The fact that all five of the MAP kinase cascades in S. cerevisiae affect the expression of genes with roles in cell wall physiology underscores the importance of the integrity of the cell wall to yeast cell biology (22) . Examples of cell wall stress-activated genes include those for glucan synthase (FKS2), chitin synthase (CHS3), and a variety of cell wall mannoproteins (e.g., CWP1, ECM11, and PRH1 [28] ). Of the many genes whose expression is affected by cell wall stress, relatively few encode proteins with biochemical activities that have been demonstrated experimentally or deduced by homology (49) . Here, we demonstrate that the yapsin family of proteases is required for the maintenance of yeast cell wall integrity and appears to be involved principally in cell wall glucan homeostasis. We also show that Yps1p, in particular, is part of the transcriptional response to cell wall stress and required during severe cell wall stress in S. cerevisiae. Finally, we provide genetic evidence suggesting that the yapsin homologues in the human pathogens C. albicans and C. glabrata may also be involved in cell wall homeostasis.
MATERIALS AND METHODS
Yeast strains and growth conditions. Strains were constructed in the W303 background using standard procedures in yeast genetics (5) or obtained from the S288C deletion collection (Research Genetics) ( Table 1) . NATMX4-marked mutants were constructed from KANMX4 strains using the method of Tong et al. (62) . Yeast cells were grown using rich medium (YPD, 1% yeast extract-2% peptone-2% glucose) or synthetic dropout medium prepared in the standard manner (5) . SYPD refers to YPD plates or liquid medium containing 1.0 M sorbitol. For growth on agar, YPD supplemented with 0.004% adenine was used. Calcofluor white, Congo Red, and caffeine (Sigma, St. Louis, MO) were used to prepare drug-supplemented YPD. Caspofungin acetate (Merck) was purchased from the University of Michigan Hospital Pharmacy, and YPD-caspofungin plates were prepared as described previously (38) . Drug sensitivity was assayed by growth at 30°C for 2 to 3 days unless otherwise noted.
Plasmids. Previously published plasmids were obtained from the authors (Table 2).
(i) prYPS1-lacZ. The YPS1 promoter-driven lacZ reporter fusion was constructed by ligating a 665-bp BglII-SalI fragment of pRS4YAP3, containing sequence 5Ј to YPS1 as well as the ATG, to BamHI-SalI-digested YEp375R (45) .
(ii) pRS426-GPD-SAP9. pRS426-GPD-SAP9 was constructed by PCR amplifying a 1,711-bp fragment containing the SAP9 gene from pSAP9 (generously provided by M. Monod [43] ) with primers containing a 5Ј BamHI site and a 3Ј XhoI site. The fragment was digested with BamHI and XhoI and ligated into pRS426-GPD digested with the same restriction enzymes.
Cloning of CgYPS1. pRS316-CgYPS1 was constructed by PCR amplifying a 2,314-bp fragment containing open reading frame CAGLOM04191g (C. glabrata genome website: http://cbi.labri.fr/Genolevures/elt/CAGL) and 500 bp of 5Ј-flanking sequence from genomic DNA from a clinical isolate of C. glabrata (kindly provided by D. Newton, University of Michigan) with primers containing 40 bp of 5Ј and 3Ј sequence homologous to the multicloning region of pRS416. pRS416 was linearized with SalI and XhoI and gel purified. The PCR product and the linearized vector were cotransformed into HKY20 (yps1⌬). Transformants were selected on synthetic dextrose medium minus uracil (SDCϪURA), and 15 candidates containing the desired construct were identified by colony Immunoblots. Strains harboring plasmids encoding Mpk1p-hemagglutinin (HA) (pDL922) or Kss1p-HA (pXZ358) were grown overnight to early log phase in SDCϪURA at 30°C and harvested. The cells were resuspended in YPD and either heated at 37°C for 2 h (Mpk1p-HA) or treated with ␣-factor (0.125 M in methanol; Sigma) for 15 min at 30°C (Kss1p-HA). Control cultures were maintained at 30°C for the same period or treated with an equal volume of methanol. Protein extracts were prepared as described previously (13), and equal amounts (15 g) were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% polyacrylamide gel), transferred to nitrocellulose, and probed with anti-active MAPK (Promega) to detect either phospho-Mpk1p or phosphoKss1p following the supplier's protocol. Comparable protein loading was confirmed by probing the stripped membranes (0.1 M glycine, pH 2.5) with 12CA5 (Roche) to detect the triple HA epitope. Blots were visualized using horseradish peroxidase-conjugated rabbit anti-donkey, secondary antibodies (Amersham), and the ECL-Plus Western blot detection kit (Amersham). Images were collected with a Typhoon Phosphorimager (Amersham) and processed using Adobe Photoshop software.
Cell wall analysis. To determine cell wall composition, yeast cells (25-ml cultures in YP-0.2% glucose or minimal medium) were grown at 23°C for seven to eight generations in the presence of 25 Ci of [U- 14 C]glucose (310 mCi/mmol; New England Nuclear) and harvested in log phase. For the pulse-labeling experiments, 25 ml of logarithmically growing cells was preincubated for 30 min at 23°C followed by 5-min incubations with 100 Ci of [U- 14 C]glucose (310 mCi/ mmol; New England Nuclear) and harvesting. Cell walls were isolated from 100 to 300 mg of cells, and cell wall polysaccharides were fractionated and quantified as previously described (40) .
1,3-␤-Glucan synthase assay. In vitro 1,3-␤-glucan synthase activity was measured according to a procedure adapted from a previously reported protocol (19) . Yeast cells (50-ml culture) were grown to log phase (optical density at 600 nm [OD 600 ] of 0.8 to 1.0) in YPD at 30°C and harvested. Following glass bead lysis in 500 mM NaCl-1 mM EDTA-1 mM phenylmethylsulfonyl fluoride and centrifugation at 4,000 ϫ g, the supernatant was removed and subjected to further centrifugation at 100,000 ϫ g for 60 min at 4°C to give a membrane pellet. The pellet was resuspended in 50 mM Tris, pH 7.5, containing 66% (vol/vol) glycerol and stored at Ϫ80°C. Protein content was determined using the Bradford assay (Bio-Rad). Each reaction mixture contained 60 to 90 g of membrane extract protein in a total reaction volume of 100 l containing 80 mM Tris, pH 7.5, 20 M GTP-␥S, 6.6% (vol/vol) glycerol, 1 mM EDTA, 0.8% (wt/vol) bovine serum albumin (BSA), 2 mM NaF, and 2 mM UDP-[
1 H]glucose carrier with UDP-[ 3 H]glucose (14,564 cpm/nM, 4 Ci/reaction). Reactions were conducted at 30°C for 60 min and were quenched by addition of 1 ml of ice-cold 90% methanol. The methanol-insoluble products were filtered through 25-mm glass fiber filters (GFA; Whatman), washed with ice-cold 90% methanol (2.5 ml) and ice-cold 90% ethanol (2.5 ml), and quantitated by liquid scintillation. Reactions were performed in duplicate using extracts from three separate clones for each strain.
1,6-␤-Glucan synthase assay. In vitro 1,6-␤-glucan synthase activity was measured as described previously (64) . Briefly, membranes were prepared as described for the 1,3-␤-glucan synthase assays (see above). The membrane pellet was resuspended in 50 mM Tris, pH 7.5, containing 33% glycerol, and 5 g of membrane extract protein was used for each reaction in a total volume of 40 l containing 2.5 mM UDP-glucose, 150 mM GTP, 1.3 mM EDTA, 0.75% (wt/vol) BSA, 4% (vol/vol) glycerol, and 100 mM morpholineethanesulfonic acid, pH 6.5. Reactions were conducted at 30°C, and 2-l aliquots were removed at 15, 30, 60, and 120 min and directly spotted onto nitrocellulose membranes. The membranes were dried for 30 min and blocked with 5% (wt/vol) nonfat dry milk in PBS overnight at 4°C before being probed with rabbit anti-1,6-␤-glucan antibodies (generous gift of Frans Klis [Amsterdam, The Netherlands]) at a dilution of 1:1,000 in PBS with 3% (wt/vol) BSA. The membranes were then probed with horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (Amersham) at a dilution of 1:1,000 in PBS with 3% (wt/vol) BSA. Images were collected on a Typhoon Phosphorimager (Amersham) and quantitated using the histogram function of Adobe Photoshop software. The time course was used to confirm that the 1-h time point was in a linear range, and the amount of 1,6-␤-glucan at 1 h was determined for the interstrain comparison. Each assay was done side by side with a wild-type strain, and the data represent the means of two independent experiments (performed in duplicate) using extracts from separate clones of each strain.
␤-Galactosidase and AP assays. ␤-Galactosidase assays were performed as described previously (56) with cell extracts obtained by glass bead lysis. Specific activity is expressed as Miller units (nmoles/minute/mg of protein) at 37°C. Alkaline phosphatase (AP) activity was assayed using paranitrophenylphosphate as the chromogenic substrate according to a published procedure (42) . Activity is expressed as OD 420 absorbance normalized to the OD 600 of the culture sample. All assays were performed in duplicate or triplicate, and the reported values represent the means of three independent experiments using extracts from separate clones of each strain.
RESULTS
Yapsin deletion mutants undergo osmoremedial cell lysis at 37°C. To investigate the role of the yapsins in cell wall integrity, we constructed a full set of single and double yapsin deletion mutants as well as selected multiple yapsin deletion mutants ( Table 1) . None of the single mutants showed growth defects at 37°C, and yps1⌬yps2⌬ was the only double mutant that displayed temperature sensitivity (TS Ϫ ). The yps1⌬yps2⌬yps3⌬ mutant was more severely affected than yps1⌬yps2⌬. Interestingly, the quintuple yapsin mutant (5yps⌬) was viable and showed no growth defect at 30°C (Fig. 1A) . Consistent with the fact that only the yps1⌬yps2⌬ double mutant exhibited TS Ϫ , reintroduction to the 5yps⌬ background of either YPS1 or YPS2 under endogenous promoters on yeast centromeric plasmids was sufficient to complement the TS Ϫ phenotype of the 5yps⌬ mutant, suggesting that these two proteases may have partially overlapping functions (Fig. 1B) .
Although mutations affecting a variety of cellular processes can cause TS Ϫ growth, mutations that disrupt cell wall integrity typically cause cells to lyse at elevated temperatures, a phenotype that can be suppressed by the addition of an osmotic support to the medium (42) . Supplementing YPD medium with 1.0 M sorbitol restored growth of the TS Ϫ yapsin mutants to the level of wild-type cells at 37°C, implying that the yapsin 1A) . Lysis of the yapsin mutants at elevated temperature was confirmed by measuring the release of AP, an intracellular enzyme, into the medium at 37°C (Table 3 ). The yps1⌬yps2⌬ and 5yps⌬ mutants both release AP at 37°C, and consistent with the plate assays, the AP activity released by the yapsin mutants at elevated temperature is decreased in cultures containing 1.0 M sorbitol. Taken together, these observations establish that the yapsins are involved in the maintenance of cell wall integrity and that loss of yapsin function results in cell lysis at elevated temperature. Yapsin deletion mutants are differentially susceptible to cell wall-directed drugs. To characterize further the cell wall defects associated with loss of yapsin function, we examined the growth of the yapsin deletion mutants in the presence of four cell wall-disrupting drugs: calcofluor white, a dye that binds and disrupts chitin polymers (52); Congo Red, a dye that interferes with both chitin and ␤-glucan fibril formation (35) ; caffeine, a compound that induces cell wall stress, possibly by affecting TOR signaling (39); and caspofungin, an inhibitor of 1,3-␤-glucan synthase (38) . Not unexpectedly, the quintuple yapsin mutant, 5yps⌬, was exquisitely sensitive to all four agents (data not shown), while the single yapsin mutants displayed differential sensitivity to calcofluor white, Congo Red, caffeine, and caspofungin (Fig. 2) . The yps7⌬ strain was uniquely hypersensitive to calcofluor white, suggesting that this mutant may be dependent on chitin to reinforce the cell wall and, thereby, maintain cell wall integrity (52) . In response to caffeine, none of the yapsin mutants showed growth defects at 30°C. The yps1⌬ mutant was, however, sensitive to caffeine at 37°C. Although the cellular target of caffeine is unclear, it causes generalized cell wall stress, and the increased sensitivity of the yps1⌬ mutant suggests that YPS1 is required to maintain cell wall integrity under severe stress. The yps1⌬ mutant was also sensitive to the 1,3-␤-glucan synthase inhibitor caspofungin, while all other yapsin mutants behaved similarly to wild type. This suggests that YPS1 may have an important role in 1,3-␤-glucan homeostasis. Both the yps1⌬ and yps7⌬ mutants were hypersensitive to Congo Red, a dye that interferes with both 1,3-␤-glucan and chitin fibril formation in the cell wall (35) . These experiments indicate that the individual yapsins are not functionally redundant but instead appear to have distinguishable roles in cell wall biology.
Next, we tested the full set of 10 yapsin double mutants for a The alkaline phosphatase activity of culture medium was determined by measuring the hydrolysis of paranitrophenylphosphate and normalizing the absorbance at 420 nm to the optical density of the culture (42) to give an arbitrary absorbance unit/OD 600 .
b Values in parentheses are the standard deviations of three independent experiments performed in duplicate. (Table 4) . Synthetic effects were observed only in the yps1⌬ and yps7⌬ backgrounds; yps1⌬2⌬, yps1⌬6⌬, yps1⌬7⌬, and yps6⌬7⌬ all showed increased sensitivity to caspofungin and Congo Red compared to the parental strains, whereas yps2⌬7⌬ showed increased sensitivity to calcofluor white only. yps1⌬2⌬ was the most severely affected of the double mutants, with no growth at the lowest concentrations of all four of the drugs. The yps1⌬2⌬ mutant strain also was the only double mutant to show a synthetic effect in response to elevated temperature and caffeine. The genetic interactions between the yapsins suggest that YPS2 and YPS6 buffer the cell wall defects that result from the loss of YPS1 and YPS7. This buffering appears to be particularly significant in the interaction of YPS1 and YPS2, suggesting that these two proteases may have partially overlapping functions or substrates. Yapsin deletion mutants have decreased 1,3-and 1,6-␤-glucan and basal activation of the PKC1-MPK1 pathway. The sensitivity of yapsin mutants to cell wall-disrupting agents as well as the temperature-induced lysis of strains with multiple yapsin mutations suggested that the loss of yapsin function may lead to alteration in the structure or composition of the cell wall. To test this hypothesis, we determined the amounts of 1,3-and 1,6-␤-glucan, chitin, and mannan in cell walls isolated from wild type as well as yps1⌬2⌬ and 5yps⌬ mutants ( Table 5 ). The cells were grown overnight in the presence of 14 C-labeled glucose to establish an equilibrium distribution of label within the four polysaccharide components of the cell wall (40) . 5yps⌬ cell walls had dramatically altered cell wall composition. Both 1,3-and 1,6-␤-glucan were significantly reduced in the 5yps⌬ mutant relative to wild-type cells, with 1,3-␤-glucan decreased by 43% and 1,6-␤-glucan decreased by 31% (Table 2 ). yps1⌬2⌬ cells also had decreased 1,3-and 1,6-␤-glucan, but consistent with their less severe phenotypic changes, the levels were higher than in the 5yps⌬ mutant. The decrease in glucan levels in the 5yps⌬ mutant is similar to those observed in the fks1⌬ mutant (40) , indicating that loss of yapsin function leads to alterations in cell wall composition comparable to those resulting from the loss of a key subunit in the synthase of a cell wall constituent. Reintroduction of YPS2 to 5yps⌬ cells led to a partial restoration of 1,3-and 1,6-␤-glucan levels as well as a slight reduction in chitin levels. These measurements are consistent with the ability of YPS2 to rescue the temperature sensitivity of 5yps⌬ (Fig. 1B) .
Although mannan levels were similar to wild type in the 5yps⌬ mutant, the cell wall chitin content was nearly double that of wild type. Chitin synthesis is increased during periods of cell wall stress and in mutants with alterations in other components of the cell wall (55) . Therefore, the increase in chitin levels observed in the 5yps⌬ mutant is most likely a response to the glucan deficits in the cell wall (59) . Cell wall stress-induced increases in chitin are at least partly mediated by a MAP kinase cascade, the cell wall integrity pathway (PKC1-MPK1 pathway [24, 28, 63] ). Consistent with this analysis, the PKC1-MPK1 pathway is activated during vegetative growth at ambient temperature in the 5yps⌬ mutant as shown by detection of phosphorylated Mpk1p at 30°C by immunoblotting with phosphospecific antibodies (Fig. 3A) . Similar basal activation of Mpk1p was also detected in yps1⌬2⌬ (data not shown). Basal phosphorylation of Mpk1p at ambient temperatures has been reported previously for a variety of cell wall mutants (e.g., gas1⌬, fks1⌬, and kre9⌬ [13] ). Therefore, the activation of Mpk1p in the yapsin mutants underscores the significance of the cell wall alterations that result from loss of yapsin function.
A second MAP kinase signaling cascade known as the sterile vegetative growth pathway (SVG) (12, 37) has been found to contribute to the maintenance of cell wall integrity in S. cerevisiae. The SVG cascade is an amalgamation of components of the pheromone response and high osmolar glycerol MAP kinase pathways. It appears to function in parallel with the PKC1-MPK1 pathway and up-regulates FKS2 in response to defects in cell wall protein mannosylation (37) . This pathway, however, does not exhibit increased basal activity in the 5yps⌬ mutant as indicated by the fact that no phosphorylated Kss1p (the MAP kinase of the SVG pathway) was detected in 5yps⌬ cells during log-phase growth at 30°C (Fig. 3B) . Although the stimuli that trigger SVG activation are not well characterized beyond mutants affecting mannoprotein glycosylation (37) , this result is consistent with a lack of change in the mannan content of the cell wall in the 5yps⌬ background. Yapsin mutants have defects in cell wall glucan incorporation but not in glucan synthesis. To determine if the decreased levels of 1,3-and 1,6-␤-glucan were due to defects in biosynthesis or incorporation of glucan into the cell wall, we performed pulse-labeling experiments in which cells in early exponential phase were briefly exposed to uniformly labeled glucose. Because actively dividing cells are continuously generating new cell wall, the amount of incorporated label is a direct measure of new glucan synthesized and incorporated into the cell wall. As shown in Fig. 4A , there was decreased uptake of 14 C-labeled glucose into both 1,3-␤-glucan and 1,6-␤-glucan in 5yps⌬, but increased 14 C-labeled glucose uptake in mannan and chitin relative to wild-type cells at 23°C. As discussed above, the increased mannan and chitin uptake is likely part of a compensatory response to the glucan defects.
In order to determine if yapsin mutations directly affected glucan synthesis, we compared the 1,3-␤-glucan and 1,6-␤-glucan synthase activities of the 5yps⌬ mutant and wild-type cells in vitro. As shown in Fig. 4B , the 1,3-␤-glucan synthase activity of 5yps⌬ was essentially identical to that of wild-type cells. Indeed, the in vitro 1,6-␤-glucan synthase activity of the 5yps⌬ mutant strain is slightly increased relative to wild type. These results indicate that the decrease in incorporation of 1,3-and 1,6-␤-glucan in the 5yps⌬ mutants in vivo is not the result of a decrease in glucan synthase activity. A reasonable interpretation of these results is that the yapsins affect glucan homeostasis downstream of polymer synthesis and, therefore, may be involved in facilitating the incorporation of glucan into the cell wall or promoting the retention of previously synthesized glucan within the cell wall.
YPS1 expression is induced by cell wall stress and remodeling. As an initial investigation into the basis for the differential roles of the yapsins in cell wall integrity, we focused on Yps1p and hypothesized that it may be part of the transcriptional response to cell wall stress. Ash and coworkers had previously observed that during growth at 37°C Yps1p levels are increased 12-fold relative to ambient temperature (2), suggesting that YPS1 expression may be induced during cell wall stress. We also hypothesized that YPS1 might be expressed during periods of increased glucan synthesis, based on the yapsins' apparent role in glucan homeostasis. In order to test these assertions, we constructed a reporter plasmid with lacZ fused to the intergenic region 5Ј to YPS1 and examined the expression of YPS1 under conditions that either cause cell wall stress, require cell wall remodeling, or increase expression of the inducible subunit of 1,3-␤-glucan synthase, FKS2 (67) . Consistent with the findings of Ash et al. (2) and Sievi et al. (58) , expression of YPS1 was extremely low at 25°C but increased fourfold upon shift to 37°C in YPD (Table 6 ). Treatment of wild-type cells with zymolyase, a 1,3-␤-glucanase-containing enzyme preparation, increased YPS1 expression sevenfold. The cell wall-perturbing dyes Congo Red and calcofluor white also strongly increased YPS1 expression, confirming that YPS1 is induced by cell wall-damaging conditions.
In order to test the hypothesis that the yapsins may be important during times of increased glucan synthesis, we asked if the expression of YPS1 was induced by conditions that also increase the expression of FKS2 (67) . FKS2 expression is increased by extracellular calcium, growth on poor carbon sources, and exposure to ␣-factor, the mating pheromone for S. cerevisiae. As shown in Table 6 , all of these conditions also increase YPS1 expression. Finally, YPS1 expression was dramatically induced at early stationary phase, a period of extensive cell wall remodeling that is also characterized by high levels of FKS2 expression (67) . These results indicate that YPS1 expression is induced during periods of cell wall stress and/or remodeling in a manner that appears to closely parallel the expression of the inducible subunit of glucan synthase, FKS2.
In order to assess further the functional significance of increased YPS1 expression, we examined the synthetic genetic interactions between YPS1 and CBK1. Cbk1p is a protein kinase involved in the regulation of polarized cell growth and (4) . Using the prYPS1-lacZ reporter, we determined the level of YPS1 expression in the cbk1⌬ mutant and found it to be ϳ6-fold increased relative to wild type at ambient temperature (Table 6 ). Next, we compared the growth of yps1⌬cbk1⌬ to that of both yps1⌬ and cbk1⌬ in the presence of calcofluor white and Congo Red. cbk1⌬ is hypersensitive to both of these agents at high concentrations, suggesting that the cell wall is affected by this mutation (data not shown). At low concentrations of these drugs, yps1⌬cbk1⌬ showed increased sensitivity to calcofluor white (Fig. 5 ) and Congo Red (data not shown) relative to the single mutants (Fig. 5) , suggesting that YPS1 plays a role in compensating for the cell wall defects caused by the cbk1⌬ mutation. Taken together, these data indicate that YPS1 is part of the transcriptional response to cell wall stress and that Yps1p plays a significant role in preserving cell wall integrity during stress. YPS1 expression is regulated by both the cell wall integrity pathway and calcineurin. Because YPS1 is induced during cell wall stress, we asked if YPS1 is part of the transcriptional output of the PKC1-MPK1 pathway, the best-characterized signaling cascade involved in controlling the cellular response to cell wall stress (24) . Toward that end, we introduced the prYPS1-lacZ reporter construct into strains with null mutations in MPK1, the terminal MAPK of the cell wall integrity pathway, and RLM1, a transcription factor in the same pathway (29) . Treatment of cells with calcofluor white induced expression of YPS1 in both wild-type and rlm1⌬ strains but not in the mpk1⌬ mutant (Table 6 ). Therefore, induction of YPS1 expression in response to cell wall damage requires the PKC1-MPK1 pathway but is independent of RLM1. This observation supports a growing body of evidence for the existence of PKC1-MPK1-activated transcription factors in addition to Rlm1p and, once again, recalls the Mpk1-dependent, Rlm1-independent expression pattern of FKS2 (24, 29) . Interestingly, baseline expression of YPS1 was slightly increased in the mpk1⌬ mutant relative to wild type, suggesting that other signaling pathways that respond to cell wall stress may also increase YPS1 expression. Because FKS2 is coregulated by the PKC1-MPK1 pathway and by calcineurin-dependent signaling (67), we also determined if YPS1 expression was regulated by calcineurin. Indeed, induction of expression of YPS1 by extracellular calcium was abolished by deletion of CRZ1, which encodes the calcineurin-activated transcription factor (60) . Taken together, these results indicate that Yps1p is a component of the transcriptional response to cell wall stress and that, like the stress-induced glucan synthase subunit FKS2, YPS1 is coregulated by PKC1-MPK1 and calcineurin.
Overexpression of YPS1 suppresses caspofungin hypersensitivity. In order to gain further insight into the function of YPS1, we determined the effects of overexpression of YPS1. To this end, we expressed YPS1 from the strong TDH promoter on a 2-plasmid (pGYPS1) under a variety of conditions. Wildtype cells expressing YPS1 at high levels showed no toxic effects under a variety of conditions including rich and synthetic growth media, elevated temperature, or presence of calcofluor white or caffeine. In fact, wild-type cells containing pGYPS1 were more resistant to high concentrations of both caspofungin (Fig. 6A) and Congo Red (data not shown) than were those harboring an empty vector. This suggested that overexpression of YPS1 might promote the stability of the cell wall under conditions that disrupt normal glucan homeostasis. To test this possibility further, pGYPS1 was transformed into a set of mutants that display caspofungin hypersensitivity (38) , including strains with mutations of genes involved in 1,3-␤-glucan synthesis (fks1⌬ and smi1⌬), chitin synthesis (chs3⌬), and mannoprotein glycosylation (mnn10⌬). In all cases, pGYPS1 suppressed the caspofungin hypersensitivity of those mutants (Fig.   FIG. 5 . Synthetic genetic interaction between yps1⌬ and cbk1⌬. Serial 10-fold dilutions of a 1-OD 600 suspension of the indicated strains were pronged onto plates containing YPD plus 12.5 g/ml calcofluor white, grown for 4 days at 30°C, and photographed. WT, wild type. a Background of parent strain (see Table 1 for full details). b All incubations were at 25°C in YPD for 5 h containing the indicated supplement unless indicated otherwise. Cells were harvested in mid-logarithmic phase (OD 600 of Ͻ1.0) unless otherwise indicated.
c Miller unit ϭ nmol of o-nitrophenol/mg/min at 37°C. d Fold change relative to wild type at 25°C in YPD. e 0.8 g/ml ␣-factor (Ͼ90% cells in G 0 or shmooing by light microscopy). f 20 U/ml 100T Zymolyase. g 50 g/ml Congo Red (CR). h 20 g/ml calcofluor white (CFW). i YPGal refers to yeast peptone (YP) containing 2% galactose. j 30 mM CaCl 2 . k Early stationary phase; incubation in SDC-URA for 3 days at 25°C. l 10 g/ml CFW. 6B), indicating that increased expression of YPS1 leads to a decreased dependence on 1,3-␤-glucan synthesis for maintenance of cell wall integrity. The ability of high-level expression of YPS1 to compensate for decreased 1,3-␤-glucan synthesis is further supported by the effect of YPS1 overexpression on the growth of smi1⌬. Smi1p, also known as Knr4p, is a nuclear protein that appears to be an important regulator of 1,3-␤-glucan synthesis, although its exact mechanism of action is unclear (25, 41) . The smi1⌬ mutant displays a slow-growth phenotype at 30°C and has significantly reduced amounts of 1,3-␤-glucan in the cell wall as well as a corresponding decrease in 1,3-␤-glucan synthase specific activity (25) . Overexpression of YPS1 in the smi1⌬ background not only suppresses caspofungin sensitivity but also partially suppresses the slow-growth defect (Fig. 6B) . This indicates that the positive effect of YPS1 overexpression on glucan-deficient/dependent mutants is not due to an idiosyncratic interaction with caspofungin and further supports the notion that the increased expression of YPS1 during cell wall stress plays an important role in maintaining cell wall glucan homeostasis.
YPS1 homologues in Candida albicans and Candida glabrata complement yps1⌬ mutants. Close homologues of YPS1 have been identified in two species of Candida, C. albicans and C. glabrata. A large family of secreted aspartyl proteases (SAP genes) is present in C. albicans and has been the focus of intensive study, particularly with respect to virulence and colonization (46). Monod et al. identified a putative GPI-linked SAP, SAP9, and showed that it was more closely related to YPS1 and YPS2 than to the other eight SAP genes (SAP1 to -8) (43) . In addition, the genome of C. glabrata was sequenced recently and a number of yapsin homologues are apparent, including an open reading frame (CAGLOM0404191g) that closely resembles YPS1 (P ϭ 2eϪ82 [16] ). Since little is known about the function of these yapsin homologues, we cloned SAP9 and CAGLOM0404191g, hereafter referred to as CgYPS1, into expression vectors (pRS416 and pRS416-GPD) suitable for S. cerevisiae and asked if these constructs would complement the phenotypes of the yps1⌬ mutants. Although SAP9 expressed from its endogenous promoter would not complement yps1⌬ phenotypes, expression of SAP9 under the control of a constitutive promoter, GPD, complemented the caspofungin (Fig. 6C) and Congo Red sensitivity but not the caffeine sensitivity of the yps1⌬ mutant (data not shown). Like YPS1, overexpression of SAP9 in wild-type cells also increased tolerance to caspofungin (Fig. 6A ). In the case of the C. glabrata YPS1 homologue, expression of CgYPS1 under its own promoter was sufficient to complement all three of the cell wall phenotypes of yps1⌬. Both of these observations suggest that the yapsin homologues in Candida spp. may also be involved in cell wall integrity and that yapsin-mediated processes could be a general requirement for proper cell wall homeostasis in yeast.
DISCUSSION
Prior to this work, the yapsins represented a major family of proteases in S. cerevisiae for which no clear physiological function was known. In this report, we have demonstrated that the yapsins are required for cell wall integrity and appear to be important for maintaining cell wall glucan homeostasis. The yapsins are a family of relatively closely related proteases and appear to have at least some overlapping functions based on the cumulative effects of multiple yapsin mutations on cell wall-related phenotypes. Our data, however, also indicate that the yapsins are not simply a family of redundant proteases and, instead, that the yapsins have differentiable roles in cell wall integrity. Of the single yapsin mutants, yps1⌬ and yps7⌬ are the only mutants that display significant phenotypes, suggesting that they play particularly important roles in cell wall processes. Further supporting this notion is the fact that synthetic phenotypes were observed only in double mutants within either the yps1⌬ or yps7⌬ background. Using a reporter plasmid to examine the expression of YPS1 under a variety conditions, we have shown that YPS1 is part of the transcriptional response to cell wall stress mediated by the cell wall integrity pathway and, thereby, have provided a reasonable explanation for the prominent role of YPS1 in cell wall integrity. Multiple genome-wide studies of the transcriptional response to cell wall stress suggest that the expression of YPS7 is relatively unchanged and, actually, may be repressed during such conditions (7, 20, 21, 27) . Therefore, it appears that expression during cell wall stress may not be the only factor that determines which yapsins are important for cell wall integrity. An intriguing alternative explanation for the prominent role of YPS7 is related to its possible localization. Because the yapsins are GPI-linked proteins, they have two possible localizations: the plasma membrane and the cell wall (30) . YPS1, -2, -3, and -6 all have C-terminal sequence motifs consistent with plasma membrane localization (18, 23) , and in the cases of Yps1p and Yps2p, such localization has been confirmed experimentally (2, 32, 58) . On the other hand, the C-terminal motif in YPS7 is suggestive of a cell wall-localized GPI protein (23) . Yps7p may, therefore, be exposed to a unique pool of substrates of crucial importance to cell wall integrity, and future studies will examine the possible role that localization plays in determining yapsin function.
The only yapsin mutant that did not have either a cell wallrelated phenotype or a synthetic interaction with other yapsin mutants was yps3⌬. The apparently limited role that YPS3 plays in cell wall processes was somewhat surprising because YPS3 has been shown to be up-regulated by temperature (21), cell wall-related gene mutation (61) , and antifungal drugs (1) . YPS3 does have some function in cell wall integrity because the yps1⌬2⌬3⌬ mutant has a more severe growth defect at 37°C than the yps1⌬2⌬ mutant, but its role is clearly secondary to the other yapsins. One explanation for the secondary role for YPS3 may be that it has other functions that are indirectly involved in maintaining cell wall integrity, possibly as part of a more generalized stress response. It is also intriguing that YPS1 and YPS3 are contiguous genes in the genome, suggesting the possibility that YPS1 and YPS3 represent a gene duplication and that YPS3 is the less functional of the pair with respect to cell wall processes.
Among the double yapsin mutants, the most severely affected is the yps1⌬2⌬ mutant. yps1⌬2⌬ is the only double mutant that displays temperature sensitivity and, like the quintuple yapsin mutant, 5yps⌬, has an altered cell wall composition. The significant synthetic genetic interaction of YPS1 and YPS2 suggests that some overlapping function between the two proteases may exist. Previous work in our lab showed that whole cell-associated proteolytic activity toward fluorogenic model yapsin substrates is decreased by 80% in the yps2⌬ mutant, while it is little changed in the yps1⌬ mutant (34) . We have also found that HA-tagged Yps2p is readily detectable in extracts of log-phase cells at 30°C by Western blotting (D. J. Krysan and R. S. Fuller, unpublished results), while Sievi et al. found that Yps1p is barely detectable by immunoblotting unless the cells are incubated at 37°C (58) . Taken together, these observations suggest that Yps2p is constitutively expressed, and active, in vegetative cells under ambient conditions and that Yps1p is expressed during times of cell wall stress. Yps1p appears to be sufficient to compensate for the loss of Yps2p with respect to maintaining cell wall integrity, but the fact that yps1⌬ shows cell wall compromise suggests that Yps1p has functions in addition to those that overlap with Yps2p. When both Yps1p and Yps2p are lost, the cell wall structure is significantly altered, apparently because of the disruption of a set of processes crucial for the maintenance of glucan homeostasis.
In general terms, glucan homeostasis can be divided into three sequential stages: (i) synthesis, (ii) cell wall incorporation, and (iii) remodeling or turnover (15, 54, 59) . The important role of the yapsins in glucan homeostasis is clearly demonstrated by the significant reduction in 1,3-and 1,6-␤-glucan in the yps1⌬2⌬ and 5yps⌬ mutants and the decreased rate of new 1,3-and 1,6-␤-glucan incorporation in the 5yps⌬ mutant relative to wild type. The yapsins appear to affect stages of glucan homeostasis downstream of initial polymer synthesis because the in vitro specific activity of the 1,3-and 1,6-␤-glucan synthases is not decreased in the 5yps⌬ mutant. Therefore, the yapsins seem to function in glucan homeostasis either by facilitating the incorporation of newly synthesized glucan into the cell wall or by promoting the retention of glucan within the cell wall. Distinguishing between these two possibilities will require the identification and characterization of bona fide yapsin substrates. At this time, few details are known regarding the proteins involved in transport of newly synthesized glucan across the plasma membrane or the incorporation of this glucan into the cell wall (38, 54) . Therefore, it is difficult to speculate as to the identity of potential yapsin substrates involved in these processes.
In terms of the other possible functions for the yapsins, retention of glucan within the cell wall, one possible set of substrates does seem evident: cell wall glucanases. A number of actual and putative glucanases and transglucosidases have been identified in S. cerevisiae (3, 6, 10, 44, 57) . Again, few details regarding their specific functions are known, but it is presumed that the glucanases and transglucosidase are involved in remodeling of the cell wall (59) . The cell wall is a dynamic structure, and the maintenance of cell wall integrity is the result of a complex network of regulatory processes that modulate a balance between synthetic and degradative processes (10) . The yapsins could regulate the activity of cell wall glucanases or other hydrolytic enzymes through programmed, or selective, degradation. In this model, during periods of increased glucan synthesis the yapsins may act to decrease the turnover of glucan by degrading the glucanases and, thereby, promoting the retention of glucan within the cell wall. In principle, either 1,3-or 1,6-␤-glucan could be affected by loss of the yapsins in such a model. At this time, it is not possible to deduce whether the yapsins primarily affect 1,3-or 1,6-␤-glucan, or both, because deletion of genes involved in cell wall integrity can lead to any of the four possible combinations of increased and/or decreased 1,3-and 1,6-␤-glucan (14, 51) .
Our initial investigations of the factors that distinguish the roles of specific yapsins in cell wall integrity have focused on YPS1, and we have shown that YPS1 is part of the transcrip-tional response to cell wall stress. We have also shown that YPS1 expression parallels that of FKS2, the inducible subunit for 1,3-␤-glucan synthesis. These observations suggest a model in which YPS1 promotes either glucan incorporation or retention during periods of increased glucan synthesis in response to cell wall stress and remodeling. Such a model is also consistent with the observation that overexpression of YPS1 suppresses both inhibitor-and mutation-induced defects in 1,3-␤-glucan synthesis. In other words, increased YPS1 expression appears to decrease the amount of 1,3-␤-glucan synthesis required to maintain cell wall integrity.
The role of yapsin-like proteases in cell wall integrity does not appear to be limited to S. cerevisiae, because we have found that homologues of YPS1 in two pathogenic Candida spp., C. albicans and C. glabrata, can complement the cell wall defects of the yps1⌬ mutant. Unlike Sap1-to -8p in C. albicans, Sap9p is apparently not secreted, and like YPS1, SAP9 expression is increased during stationary phase and in response to cell wall perturbation (11, 43) , adding support to the notion that YPS1 and SAP9 may have similar functions. Additionally, the sequence specificity of Yps1p and Sap9p appears to be reasonably similar because a peptide isostere-based inhibitor of Yps1p also has activity against Sap9p (9) . Together, these considerations suggest that Sap9p may carry out similar functions in C. albicans. A key difference between the abilities of SAP9 and CgYPS1 (the C. glabrata YPS1 homologue) to complement the yps1⌬ mutant is that SAP9 did so only when expressed from a constitutive, heterologous promoter while the wild-type promoter of CgYPS1 allowed complementation of the yps1⌬ mutant. One possible explanation for this observation is that C. glabrata is more closely related to S. cerevisiae than to other Candida spp. and, therefore, either the protease specificity or the regulation of CgYPS1 expression matches YPS1 more closely than does that of SAP9.
Further supporting a functional parallel between Sap9p and Yps1p is the fact that overexpression of either gene leads to resistance to the clinically important antifungal caspofungin. Prior to this work, SBE2, a Golgi protein involved in the transport of cell wall components, was the only other reported multicopy suppressor of caspofungin toxicity in S. cerevisiae (50) . To our knowledge, this is the first report of a C. albicans gene that is a multicopy suppressor of caspofungin toxicity. Therefore, elucidation of the mechanism of Yps1p/Sap9p-induced caspofungin tolerance not only will have relevance to fundamental processes in cell wall biology but may also have importance for potential resistance mechanisms related to caspofungin, an important component of the antifungal armamentarium.
